Background. Recent evidence suggests that treatment of type 2 diabetes with thiazolidinediones [peroxisome proliferator-activated receptor-γ (PPAR-γ) agonists], ameliorates glomerulosclerosis and tubulointerstitial fibrosis in the rat kidney. In the current work, we have investigated whether these drugs, and specifically pioglitazone (PGT), act by preventing fibrosis and kidney dysfunction mainly through antioxidant and anti-inflammatory effects, independently of glycaemic control. Methods. Male 2-to 3-month-old obese Zucker fa/fa (OZR) and ZDF fa/fa rats (ZDFR), and their control the lean Zucker rat (LZR), were used. Diabetic rats were given either a low dose (0.6 mg/kg/day) or a high dose (12 mg/ kg/day) of PGT in the chow for 2 or 4-5 months. Glycaemia, blood pressure, creatinine clearance and proteinuria were determined, and the underlying histopathology was defined with markers of fibrosis, glomerular damage, oxidative stress and inflammation by immunohistochemistry/ quantitative image analysis in tissue sections, and western blots and ad hoc assays in fresh tissue. Results. PGT at low doses given for 4-5 months considerably reduced blood pressure, proteinuria and creatinine clearance. This was associated with amelioration of renal tissue damage and fibrosis, evidenced by the glomerulosclerosis, tubulointerstitial fibrosis, tubular atrophy and podocyte injury indexes, and of oxidative stress and inflammation, as shown by the decrease in the respective markers, although glycaemia remained high and obesity was not affected. Conclusions. These results indicate that low doses of PGT ameliorate renal fibrosis and preserve renal function in this animal model of metabolic syndrome, independently of glycaemic control or effects on body weight.
Introduction
Diabetic nephropathy is the most common cause of endstage kidney disease, and the leading cause of death in diabetic patients [1, 2] . Hyperglycaemia, and the metabolic syndrome manifestations of obesity, hyperlipidaemia and hypertension, are strongly associated with chronic kidney disease [3] . The fundamental mechanism responsible for nephropathy in type 2 diabetes involves tubulointerstitial fibrosis and glomerulosclerosis, caused among other processes by oxidative stress, activation of the aldosteronerenin-angiotensin system, inflammation, release of profibrotic factors such as transforming growth factor β1 (TGFβ1) and plasminogen activator inhibitor 1 (PAI-1), collagen cross-linking and epithelial mesenchymal transition [4] [5] [6] [7] .
A widely used animal model of nephropathy in type 2 diabetes and metabolic syndrome is the obese Zucker fa/fa rat (OZR) [8, 9] . Homozygous recessive males develop considerable obesity, moderate fasting hyperglycaemia, mild hypertension, hypertriglyceridaemia, hypercholesterolaemia and hyperinsulinaemia, while the lean genotypes remain normoglycaemic and normotensive. The fa/fa genotype is characterized by impaired glucose tolerance caused by the obesity gene mutation that leads to insulin resistance. Another related strain, the Zucker diabetic fatty fa/fa rat (ZDFR), presents mild obesity but severe hyperglycaemia, and progressive hypoinsulinaemia. Studies in these strains have clarified several aspects of the pathophysiology of glomerulosclerosis and of tubulointerstitial fibrosis in relation to hyperglycaemia (e.g. [10] [11] [12] [13] [14] [15] [16] . We previously showed in the male OZR at 6 months of age, in comparison to the age-matched lean Zucker rats (LZR) , that the combination of an angiotensin-converting enzyme (ACE) inhibitor and an angiotensin-II type I receptor (ATIIR-1) antagonist improved glomerulosclerosis, tubulointerstitial fibrosis, hypertension and proteinuria, [17] as well as characterized other features of diabetes-induced tissue fibrosis in the heart, liver and penis [18] [19] [20] [21] [22] .
Renal protective role of pioglitazone in rats 2385 The thiazolidinediones are promising too for the treatment of diabetic nephropathy, since they have antiinflammatory and antifibrotic effects that may be key in the amelioration of the cardiovascular and renal [23] [24] [25] complications of diabetes. They lower blood glucose primarily by improving insulin sensitivity in peripheral tissues via activation of the peroxisome proliferator-activated receptor γ (PPAR-γ). Chronic administration of a low dose of a thiazolidinedione (pioglitazone), ameliorated fibrosis in the corporal smooth muscle tissue of the penis in the OZR independently of glycaemic control, and in the aged Fischer 344 rats [21, 26] . In diabetic nephropathy, pioglitazone at higher doses that control glycaemia enhanced the renoprotective effects of an ATIIR-1 inhibitor on glomerulosclerosis and tubulointerstitial fibrosis in the rat, but no pioglitazone alone arm was included [27] , and mitigated renal glomerular changes in mice [28] . Rosiglitazone and troglitazone [29, 30] exerted similar effects in the ZDFR at doses that normalize glycaemia. Thiazolidinediones in general, and pioglitazone in particular, reduce blood pressure and exert pleiotropic effects beyond glucose lowering in the human [31, 32] .
The current study investigated the hypothesis that thiazolidinediones, and specifically pioglitazone, ameliorate glomerulosclerosis and tubulointerstitial fibrosis, by preventing fibrosis and kidney dysfunction mainly through antioxidant and anti-inflammatory effects, independently of glycaemic control. Since in clinical practice, patients with type 2 diabetes who develop nephropathy show various degrees of obesity, hyperglycaemia and insulinaemia, the use in parallel of both subtypes of Zucker rats is a preliminary approach to determine whether the response to pioglitazone may be differentially affected by one or the other of these factors.
Materials and methods

Animal treatments
The male LZR and their obese diabetic counterpart, the OZR fa/fa, were obtained at 2-3 months of age from Harlan Sprague-Dawley, Inc., San Diego, CA, USA, and maintained at the LABioMed vivarium. The ZDFR fa/fa variants (strain ZDF/Crl-Lepr fa ; lean+/?) were obtained from Charles Rivers Laboratories, Wilmington, MA, and maintained at the Hospital Aleman vivarium. Animals were treated according to the 'NIH Principles of laboratory animal care' with the respective Institutional Animal Care and Use Committee (IACUC)-approved protocols, and the final review of the Hospital Aleman approval by the LABioMed IACUC. Untreated groups were fed Purina chow, whereas the pioglitazone-treated diabetic groups were fed chow containing 0.001% (low-dose) or 0.02% (highdose) pioglitazone. The amount of food eaten was recorded daily and the approximate doses were calculated to be 0.6 or 12 mg/kg/day, respectively.
In experiment 1, kidney tissue was excised at killing from the LZR and OZR rats used for parallel studies [21, 22] in the following groups (n = 8 rats/group). (a) Untreated: (1) LZR for 5 months, (2) OZR for 2 months, (3) OZR for 5 months; (b) pioglitazone treatment: (4) OZR, high dose, for 2 months; (5) OZR, low dose, for 2 months; (6) OZR, low dose, for 5 months. In experiment 2, for functional studies, the LZR and ZDFR were divided into the following groups: (a) untreated (7) LZR for 4 months; (8) ZDFR for 4 months; (b) pioglitazone: (9) ZDFR, low dose, for 4 months. Ages at sacrifice were 5 months (groups 2, 4, and 5) or 7 months (groups 1, 3 and 6-9). We have named the 2-and 4-to 5-month treatments as 'short-term' and 'long-term', respectively.
In both experiments, the left kidneys were fixed in 10% formalin and embedded in paraffin for histochemical and immunohistochemical studies.
Portions of right kidneys were either embedded in OCT or left untreated, and then frozen in liquid nitrogen and stored at −80 • C.
Functional measurements
At baseline and then weekly, blood pressure was measured for experiment 2 in the LZR and ZDFR by a non-invasive pressure device using volume pressure recording, CODA 2 (Kent Scientific Co., Torrington, CT, USA), on non-anaesthetized rats restrained in a thermic plastic chamber [17] . In experiments 1 and 2, for all fa/fa rats, glycaemia was determined weekly in blood from the tails (Accu-Chek Active glucose meter, Roche, Ireland). In experiment 1, blood was also withdrawn from the hearts at killing. For experiment 2, 24-h urine was collected from the LZR and ZDFR in metabolic cages, and blood samples were withdrawn from the tails (14-h fasting) at baseline, and then every 4 weeks [17] . Aliquots of sera and urine were assayed for creatinine using the enzymatic UV method (Randox Lab, Crumlin, N. Ireland). Creatinine clearance was determined by the standard formula. Body weights were determined weekly. Proteinuria was determined by standard methods by SYSMEX-XT 1800i Roche-Diagnostic.
Determinations in renal tissue sections
Paraffin-embedded sections (3 µm) were subjected to immunohistochemical assays as reported [17] . Monoclonal antibodies were used after antigen retrieval for TGFβ1 (Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA) and collagen types I and III (Biogenex, San Roman, CA, USA) to evaluate fibrosis. Other antibodies were used as follows: (A) monoclonal: α-smooth muscle actin (αSMA) (Sigma Chemical Co., St Louis, MO, USA) for myofibroblasts; and ED1 (CD68) (AbD Serotec, Raleigh, NC, USA) for macrophages (inflammation); (B) Polyclonal: PAI-1 (American Diagnostica, Greenwich, CT, USA) for fibrosis; and haem oxygenase 1 (Stressgen, Ann Arbor, MI, USA) for oxidative stress [33] . Immunostaining was carried out with an avidin-biotin-peroxidase complex kit, and counterstained with haematoxilin. The sections were also stained with Masson's trichrome [17] .
For immunofluorescence, frozen sections (5 µm) were treated with a goat polyclonal antibody anti-rat nephrin (1:50) (Santa Cruz), followed by a donkey anti-goat IgG-FITC (1/100) (Santa Cruz). Negative controls consisted of histological sections incubated with PBS rather than the primary antibody. Immunostaining was visualized on a Nikon E400 fluorescence microscope equipped with a high-pressure mercury lamp. Images were acquired with a digital camera and processed (Nikon Instrument Group, Melville, NY, USA).
Tissue samples were blindly evaluated by two investigators using an image analyser Image-Pro Plus version 4.5 for windows (Media Cybernetics, L.P. Silver Spring, MD, USA) [17, 21, 22] . Histomorphometric evaluation of the kidney was assessed on 20 consecutive microscopic fields. Data were averaged and expressed as a percentage/mm 2 as indicated in Tables 1  and 2 .
Determinations in fresh tissue
Pieces from the middle region of the frozen right kidney were homogenized in a buffer with protease inhibitors, and supernatants (10 000 g, 5 min) were run on 10% polyacrylamide gels and submitted to western blot immunodetection [21, 22, 26] with a monoclonal ASMA IgG (1:1000; Oncogene) followed by a secondary polyclonal horse anti-mouse IgG linked to horseradish peroxidase (1:2000; BD Transduction Laboratories). Bands were visualized with luminol (Pierce, Rockford IL). For negative controls, the primary antibody was omitted. Band intensities were determined by densitometry and corrected by the respective intensities for glyceraldehyde phosphate dehydrogenase (GAPDH) upon re-probing.
Collagen was estimated as described [21, 26, 34] from 200 mg aliquots of whole renal tissue that was homogenized in saline, hydrolysed with 2 M NaOH, followed by hydroxyproline assays. Values were expressed as µg of collagen per mg of tissue. Oxidative stress was measured by the reduced glutathione (GSH)/oxidized glutathione (GSSG) ratio in the 10 000 g supernatant from a 0.25 M sucrose homogenate of a kidney aliquot [35] . Another aliquot was homogenized in a 0.05 M sodium phosphate buffer, and pH 7.4 was used for determining malondialdehyde to evaluate lipoperoxidation by thiobarbituric reactive species (TBARS). All values expressed as means ± SD. * Versus all groups P < 0.01. * * Versus ZDFR, 7 months, PGT low, P < 0.01.
Statistical method
Values were expressed as mean ± SD. All statistical analyses were processed through GraphPad Prism, version 5.0 (GraphPad Software, Inc., San Diego, CA, USA). The Gaussian distribution was performed by the Kolmogorov and Smirnov method. For parameters with the Gaussian distribution, comparisons among groups were carried out using one-way analysis of variance (ANOVA) followed by Bonferroni's test, and twoway ANOVA for repeated measures was used as appropriate. For those parameters with non-Gaussian distribution, comparisons were performed by the Kruskal-Wallis test (Nonparametric ANOVA) and Dunnś multiple comparison test. A value of P < 0.05 was considered significant.
Results
Long-term treatment with low-dose pioglitazone in the OZR reduces glomerulosclerosis and tubulointerstitial fibrosis, without affecting glycaemia or body weight
Hyperglycaemia duration was about 2 months in groups 2, 4 and 5, and 5 months in groups 3 and 6. Although high-dose pioglitazone for 2 months normalized glycaemia, a considerable hyperglycaemia remained after treatment for 2 months with a low dose ( Table 1) . The low-dose effects were transient, since hyperglycaemia was not reduced at all after a more prolonged treatment (5 months). No high-dose treatment was conducted at this period. The considerable increase in body weights, as compared to the untreated OZR by the high-dose short-term pioglitazone, was not seen with the low-dose pioglitazone at either period (Table 1 ) [21] .
Masson trichrome (Figure 1 ) revealed that collagen deposition as an indicator of tubulointerstitial fibrosis was much higher in the untreated OZR than in the LZR, and that pioglitazone reduced the staining to the one in the LZR. Quantitative image analysis (Table 1) shows the percentage of the glomerulosclerosis per glomerulus. When these data are expressed in the OZR in reference to the nondiabetic LZR controls (differential glomerulosclerosis), by subtracting the basal value for the LZR, they were reduced by short-term pioglitazone at high and low doses by 59% and 35%, respectively, and the long-term treatment with low dose was even more effective: a 78% reduction.
Tubular atrophy and interstitial fibrosis were higher in the untreated OZR groups versus the LZR group, as seen in Figure 1 and Table 1 . Calculating the differential values as for glomerulosclerosis, the short-term treatment with pioglitazone at the high and low doses reduced tubular atrophy and interstitial fibrosis in the OZR by 52 and 55%, respectively, whereas at low dose the response was lower: only 16 and 23%, respectively. In contrast, long-term, lowdose pioglitazone was more effective, with 63 and 70% reduction, respectively.
The drug reduced the content of myofibroblasts that characterize fibrosis [4, 6, 21] (Figure 2) as seen from the high immunostaining for αSMA in the untreated OZR in renal interstitium and periglomerular area, in comparison with the LZR. Pioglitazone treatment at low and high doses showed a lower immunostaining. The quantitative assessment in Table 1 shows a good agreement with the images, with long-term pioglitazone at low dose being the most efficacious treatment by reducing αSMA in the OZR by 72%.
Pioglitazone also reduced TGFβ1 and PAI-1, key profibrotic factors particularly in diabetic nephropathy [12, 34] . Figure 3 shows higher levels of TGFβ1 in glomeruli, tubular cells and renal interstitium in the untreated OZR relative to the LZR. Pioglitazone at low and high doses reduced TGFβ1, and the differential expression in the OZR referred to the LZR was decreased by the low-dose long-term treatment by 68% (Table 1) . PAI-1 immunostaining (Figure 4 ) revealed a similar pattern as for TGFβ1, and the differential expression in the OZR referred to the LZR in Table 1 was reduced by 95% by long-term low-dose pioglitazone. Table 1) . The collagen III/I ratio was lower in the kidney of the untreated OZR as compared to the LZR, but none of the pioglitazone treatments affected this ratio.
Collagen content in hydrolyzates of kidney tissue of the untreated OZR (3.68 ± 0.17 µg/mg tissue) was reduced by the long-term low-dose pioglitazone OZR (3.31 ± 0.14), or a 12% decrease, probably due to the tubulointerstitial fibrosis affecting a small area of the total kidney tissue, and hence a small fraction of the hydrolyzate. The respective values of band intensities for ASMA corrected by GAPDH in homogenates of kidney tissue estimated by quantitative western blot (not shown) were 0.61 ± 0.08 versus 0.54 ± 0.10, also a 12% reduction by pioglitazone. The contribution of ASMA originated from smooth muscle cells in the kidney vasculature dilutes out the ASMA from myofibroblasts, that in tissue sections can be recognized by their location.
Long-term treatment with low-dose pioglitazone normalizes kidney function in the ZDFR, while correcting the underlying histopathology to the same extent as in the OZR
The striking hyperglycaemia observed in the ZDFR from the beginning of the study nearly doubled the level in the OZR at killing ( Figure 6 , Table 2 ). The long-term low-dose pioglitazone treatment reduced glycaemia in the ZDFR, but only to the high values in the untreated OZR or the OZR receiving low-dose pioglitazone; therefore, the rats remained highly hyperglycaemic. This treatment, however, Fig. 6 . Effect of pioglitazone on blood glucose levels, creatinine clearance and proteinuria, throughout treatment in the ZDF fa/fa rat. Values were obtained at the indicated periods. Solid circles: LZR, untreated; solid squares: ZDFR, untreated; blank circles: ZDFR treated with pioglitazone (low dose, long-term). * P < 0.05 for LZR versus other groups; † P < 0.05 for untreated ZDFR versus other groups.
counteracted the proteinuria in the ZDFR and improved creatinine clearance, even after correcting by body weights that were not affected by treatment ( Table 2 ). The systolic and diastolic hypertension that develops after 6-8 weeks in the untreated ZDFR, and that peaks at ∼160 and 95 mmHg, as compared to 125 and 72 mmHg in the LZR, respectively, was nearly normalized by this treatment paradigm (Figure 7) .
The underlying histopathology and its response to pioglitazone in the ZDFR were similar to the OZR as shown by Masson trichrome staining and ASMA immunostaining, namely an increase in collagen in the diabetic rats and a reduction by the long-term low-dose treatment (not shown). Immunofluorescence detection showed that nephrin was reduced in glomeruli from the untreated ZDFR when compared with the LZR, whereas the ZDFR treated with pioglitazone showed a substantial increase in immunostaining, similar to what was found in the OZR (Figure 8 ). Quantitative estimations (Table 2) show that the percentages of glomerulosclerosis, tubular atrophy, interstitial fibrosis and myofibroblast content are remarkably similar to the ones for the equivalent groups in the OZR in Table 1 . The longterm, low-dose treatment with pioglitazone increased the differential expression of nephrin by over 3-fold in both strains, thus suggesting a protective role of the drug on podocytes.
The protective effects of pioglitazone on the kidney appear to be mediated, at least in part, by a reduction of oxidative stress and inflammation
The long-term, low-dose treatment with pioglitazone virtually normalized the 11-fold higher expression of haemoxygenase 1, as a secondary indicator of oxidative stress, seen in the OZR kidney as compared to the LZR, by immunohistochemistry (not shown) and quantitative image analysis (Table 1) . Identical results were found in the ZDFR, although oxidative stress was less marked in the ZDFR (6-fold) as compared to the OZR ( Table 2 ). The antioxidant effect of pioglitazone was confirmed in the ZDFR by primary markers: the reduction of malonyldialdehyde production and the increase of the GSH/GSSG ratio to levels close to those found in the LZR (Table 2 ). This treatment also prevented macrophage infiltration, an indicator of inflammation (Table 2) .
Discussion
To our knowledge, this is the first report on the prevention or amelioration of diabetic nephropathy, and specifically of glomerulosclerosis and tubulointerstitial fibrosis underlying hypertension and renal dysfunction, by the long-term administration of a low dose of any thiazolidinedione that does not reduce hyperglycaemia below a rather high level, indicative of non-compensated diabetes. These effects ap- pear to result, at least in part, from the anti-oxidative and anti-inflammatory effects that have been described for thiazolidinediones at doses that exert total glycaemic control [23] [24] [25] . We are not aware either of previous studies providing an equally comprehensive integration of a series of key markers of podocyte damage, renal fibrosis, inflammation, oxidative stress and dysfunction in a single animal model of type 2 diabetes for any thiazolidinedione. The remarkable agreement among assays for these processes validates the improvement of the renal histopathology exerted by this treatment and suggests a protective effect independent of glycaemic or obesity control. This confirms our previous work, where a similar paradigm prevented or ameliorated smooth muscle fibrosis in the penile corpora cavernosa of the OZR, and the resulting erectile dysfunction [21] . The 0.6 mg/kg/day of pioglitazone used in the current work would roughly translate into ∼6-8 mg daily doses in the human, considering the correction factor used for extrapolating dosages between both species [36] or ∼1/4 of the daily dose usually applied in the clinic [23, 29, 31, [37] [38] [39] [40] .
The use of the two variants of a widely accepted rat model of type 2 diabetes and metabolic syndrome that differ in hyperglycaemia, insulinaemia and obesity, and that yielded similar results, validates some speculation on clinical implications. Our results may be representative of the differential impact of each condition within the metabolic syndrome in diabetic patients [3] , even with the caveat that the pathogenesis of nephropathy in a rat with leptin receptor mutations may not mimic the one in humans. Fundamental questions are why a severe hyperglycaemia in the ZDFR does not lead to a more intense glomerulosclerosis and tubulointerstitial fibrosis than in the OZR with a milder hyperglycaemia, and why a treatment that does not reduce hyperglycaemia below this level can improve these conditions in both diabetic rat variants to the same extent. Obesity does not seem to be a significant factor in this diabetic nephropathy, since the severity of the latter condition was similar in both variants irrespective that the OZR has nearly 80% more body weight than the ZDFR, and that the low dose of pioglitazone did not affect body weight. This may suggest that hyperglycaemia, through advanced glycation end-products (AGE) formation and lipodegeneration of the cortical tissue, plays a lesser role in kidney fibrosis than in the vascular complications of diabetes.
The single report on the preventive renoprotective effects of pioglitazone in the Zucker strains [27] , specifically the OZR, is difficult to compare with our study, since it combined pioglitazone at 4-fold our dose with the ARIIR1 blocker candesartan, without a pioglitazone alone arm. Pioglitazone augmented the antihypertensive, antiproteinuric and renal antifibrotic effects of candesartan. A prior study in the ZDFR used another thiazolidenedione, rosiglitazone, at 5-fold our dose, alone or in combination with an ACE inhibitor, and reduced the number of damaged glomeruli and proteinuria [30] . This confirmed previous results with rosiglitazone in the OZR where hypertension, proteinuria, glomerulosclerosis and interstitial nephritis were ameliorated after a 9-month preventive or a 4-month interventional treatment [41] . Renal glomerular vascular changes were also mitigated in a diet-induced diabetes in the mouse that received 5-fold our dose of pioglitazone [28] . However, all these studies were based on doses exerting glycaemic control, and they addressed only a few of the renal histopathology and dysfunction outcomes.
The mechanism of the antifibrotic effects of a low dose of pioglitazone, unable to normalize glycaemia or modify body weight, is unknown. It may be speculated that it acts, at least in part, by counteracting chronic inflammation and oxidative stress as factors that may precede and trigger tissue fibrosis [5, 11, [14] [15] [16] 31] , and this view is supported by our current results. In vitro, pioglitazone reduces glucoseinduced TGFβ1, fibronectin and collagen IV, all fibrotic markers, in human proximal tubular cells [42, 43] . The drug also decreased type IV collagen, fibronectin, TIMP-1 and -2 and proline incorporation as marker of collagen synthesis, at both physiological and supra-physiological glucose concentrations in human cortical fibroblasts [44] . The reduction of blood pressure in our study may also have contributed to the renal protection effects of pioglitazone, although the converse process may also occur, e.g. an improvement of blood pressure due to pioglitazone beneficial effects on the kidney. Finally, since thiazolidinediones modulate stem cell differentiation [45] , they may act on the kidney also by stimulating renal endogenous stem cells [46, 47] to repair damaged tissue.
In contrast to these experimental results, and despite the fact that thiazolidinediones are widely used for type 2 diabetes in doses higher than the one proposed here, the incidence of chronic kidney disease has not diminished [48] . This discrepancy may be due to the limited number of clinical studies on the progression of diabetic nephropathy per se under pioglitazone treatment. An earlier study in normotensive patients with microalbuminuria showed that the excretion of albumin and podocytes in the urine was reduced [37] , although no significant effects on proteinuria were seen in patients with advanced diabetic nephropathy [38] . More recently, pioglitazone normalized urinary albumin expression [39, 40] , and blood pressure, urinary TGFβ and collagen IV were decreased to the extent achieved with ATIIR-1 blockers or ACE inhibitors [39] . Blood pressure was reduced by pioglitazone at the usual dosage (30 mg, daily) in type 2 diabetic patients undergoing haemodialysis [29] . In addition, low-dose pioglitazone may be effective in non-diabetic nephropathy, such as primary or secondary glomerulopathies, chronic tubulointerstitial renal disease or arterial hypertension, where effects on glycaemia are irrelevant.
